The work of adhesion and the interface energy of NiAl/V coherent interface systems have been investigated using first-principles methods. The adhesion of the Ni-terminated interface is larger than the Al-terminated interface. The difference in charge density and the density of states show that the Ni-terminated interface is dominated by metallic bonds, and the Al-terminated interface is dominated by metallic and covalent bonds. To account for the effects of misfit dislocations on the semicoherent interfaces, the Peierls-Nabarro model combined with generalized stacking fault energy is employed to determine the interface energy. It is found that misfit dislocations can reduce the adhesion of the interface, and the reduction increases with the maximum of the restoring force.
Introduction
Nickel aluminum (NiAl) is a promising material for high temperature structure materials, especially applied in the aerospace industry, due to its superior properties, including high melting temperature, high temperature strength, low density and good oxidation resistance [1] [2] [3] [4] [5] . However, NiAl has brittleness at room temperature and poor creep resistance at high temperature, which limit its wide application [6] . Alloying refractory metals (Cr, Mo, Re, V, W) [7] [8] [9] [10] [11] [12] and the intermetallic phase of the Heusler or Laves type (Hf, Nb, Ta) [13] [14] [15] [16] with NiAl have been verified to be feasible to achieve the improved properties of NiAl through Directional Solidification (DS); because eutectic DS is not merely single-phase intermetallics, which combine several materials with complimentary properties to perfect the original properties. For NiAl-V systems, it is reported that the fracture toughness (32 MPa √ m) of eutectic NiAl-V was the highest of all NiAl-based eutectic systems [7] . Recently, Milenkovic and Caram [17] studied the mechanical properties of NiAl-V eutectic alloy and founded that eutectic NiAl-V retains a yield strength up to 1073 K higher than NiAl and most of the NiAl-based eutectic systems, and the fracture toughness (28.5 MPa √ m) is the highest among other NiAl-based eutectic systems. The interfacial structure and adhesion between NiAl and V phases have significant influence on the composite's performances. Therefore, it is necessary to investigate the interfacial properties of NiAl-V systems. However, there is only a limited number of theoretical studies on NiAl-V interfaces.
As we know, there exists a discrepancy of the lattice constants between NiAl and V. The misfit will introduce strain and a periodic array of dislocations at the interface, and thus, the interface becomes semicoherent. Therefore, it is indispensable to analyze the misfit dislocations at the interface. The semicoherent interfaces have been investigated by some researchers using first-principles methods [18] [19] [20] [21] . Unfortunately, the required unit cells are commonly beyond the capacity of our computer due to the long-periodicity of the dislocations. Generally, the coherent interface approximation [22] is applied to study the interfaces in which the misfit dislocation is ignored. The coherent interfaces have been investigated by many researchers [23] [24] [25] [26] [27] [28] [29] [30] [31] ; whereas, the obtained theoretical work of adhesion is larger than the observed values [32] .
An alternative method to address this problem is based on the Peierls-Nabarro (PN) framework. The original PN model describes the motion of the dislocation core through the sinusoidal potential function; whereas, the local relaxation of atoms is neglected due to the one-dimensional constraint path approximation. The modification of the original PN model has been proposed by many researchers in which the nonlinear displacement field is considered [33] [34] [35] [36] . Here, the misfit energy is solved by combining the first-principle calculations with the isotropic continuum theory accounting for the elasticity of the materials. The model has been applied to such interfaces as Al/MgO [37, 38] , Fe/VN [39, 40] and NiAl/Mo [41] , proven to describe the interfaces properly.
In this paper, we have investigated the coherent and semicoherent interface energy. The work of adhesion and the interface energy of coherent NiAl/V interfaces have been calculated using the first-principles methods. The difference in the charge density and the states of density (DOS) have been used to analyze the interfacial bonding. In order to determine the adhesive properties of semicoherent NiAl/V interfaces, the misfit dislocations and interface energy have been investigated within the framework of the PN theory. The effects of misfit dislocations on the adhesive properties of interfaces have been also discussed.
Details of the Calculations
The first-principles calculations were employed with the Vienna ab initio Simulation Package (VASP) code developed at the Institut für Theoretische Physik of Universität Wien [42, 43] . The all-electron Projector Augmented Wave (PAW) method [44, 45] within Generalized Gradient Approximation (GGA) was utilized. The GGA was adopted for the exchange-correlation functional according to the Perdew-Burke-Ernzerhof (PBE) method [46] . In our paper, the self-consistent convergence was set to 10 −5 eV/atom. Before the calculation, the convergency of the total energies with respect to k-point sampling grids obtained by the Monkhorst-Park method, and the cutoff energy was checked. The plane wave cutoff energy was fixed to 550 eV in all calculations. As for the Brillouin zone k-point grids, we used a 25 × 25 × 25 k-point mesh for the bulk. The surface and interface systems were established by periodic supercell slabs containing a finite atomic slab and a vacuum layer. The thickness of the vacuum layer (15 Å) was sufficient to prevent systems from periodic images based on the convergence test. In this case, a 25 × 25 × 1 k-point mesh was employed. The accuracy of our approach was guaranteed by the good agreement between the calculated data and previous results (see Table 1 ). 
Bulk Properties
The optimized lattice parameters are listed in Table 1 . The lattice parameters are 2.89 Å for NiAl and 3.04 Å for V, which are in good agreement with previous studies [47] [48] [49] [50] . Elastic constants are a basic mechanical quantity describing the stiffness of the material when strains are applied. It is essential to investigate the elastic constants to know the mechanical properties of both materials. The calculated elastic constants are shown in Table 1 , and they all satisfy Born's mechanical stability condition [51] . The calculated elastic constants of NiAl are well consistent with the previous values [47, 48] ; whereas, the obtained elastic constants for V exhibit some differences with the reported experiment values, which may due to the variation of temperature.
The bulk modulus B and shear modulus G can be obtained from the elastic constants according to the Voigt-Reuss-Hill (VRH) approximations [52] . The obtained elastic moduli listed in Table 1 are well consistent with the previous results. Young's modulus E and Poisson's ratio ν can be obtained using the bulk and shear modulus. Young's modulus characterize the stiffness of the material. The higher the value of E is, the stiffer the material is. As listed in Table 1 , the obtained Young's modulus of NiAl is larger than V, which demonstrates that NiAl is stiffer than V. Poisson's ratio is associated with the material's volume change. According to Ravindran et al. [53] , a value of σ lower than 0.5 means the volume change is related to elastic deformation. The calculated σ is separately 0.4 and 0.35 for NiAl and V, which indicates that the volume change of NiAl and V may be related to the deformation.
Surface Properties
To investigate the interface, it is necessary to make sure that the two slabs are thick enough to represent the bulk-like interiors. Therefore, we conducted convergence tests on NiAl (001) and V (001) slabs. To acquire the suitable thickness necessary for bulk-like NiAl and V slabs, the dependence of layer relaxation on the atom layers has been explored. In Table 2 , we display the relaxed atomic arrangements of seven-layer NiAl, AlNi and V for surface energy calculations to show the surface effect intuitively. The results of interlayer relaxation ∆ ij (interlayer relaxation as the percentage of bulk interlayer relaxation) are displayed in Table 3 , which suggest that the interface relaxations exhibited for all slabs are very large and that the surface effect is mainly restricted to the first three layers. As can be seen, the five-layer V (001) is thick enough to exhibit a bulk-like interior. As for NiAl (001), the results show that for more than seven layers, the interlayer relaxation for both terminations is well converged. Therefore, the V part with six atomic layers and the NiAl (AlNi) slab with eight atomic layers adopted in the following calculations are suitable. It is also revealed that the contraction of the top layer of the Ni-terminated surface (∆ 12 = −10.9%) is larger than the Al-terminated surface (∆ 12 = −7.0%), which implies that the Al-terminated slab is stabler. We calculated the surface energy of V (001) with respect to slab thickness using [54, 55] :
where E slab and N slab are respectively the total energy and the atom number in the slab, E bulk is the energy per atom in the bulk materials and A s is the corresponding surface area of the unit cell. The factor of two accounts for the two identical surfaces of the slab. For the V (001) surface, the calculated dependence of surface energy on the atom layers is listed in Table 4 . It shows that the γ s of V converges to 2.36 J/m 2 , in agreement with the experimental value (2494.87 ergs cm −2 ) [56] . Table 2 . The relaxed atomic arrangements of 7-layer NiAl, AlNi and V for surface energy calculations. We only show the atomic arrangements of the top four layers due to the symmetry of the supercell. The atomic position is given with respect to the basis vector of the supercell for surface calculations (Aln, Al atoms of the n-th layer; Nin, Ni atoms of the n-th layer; Vn, V atoms of the n-th layer). NiAl (Al terminated) As for the NiAl (001) surface, the situation is more complicated. The (001) surface of NiAl is distinguished by its terminated surface layer consisting of a Ni layer or a Al layer. Thus, its surface energy, which is calculated by using Equation (1), is the average value of the two terminations, and we could not obtain the surface energy for Ni-terminated or Al-terminated. What is more, the asymmetric slab will induce the spurious dipole effect [57] . The slabs using odd numbers of layers are non-stoichiometric slabs; the chemical potentials of the Ni and Al atoms should be taken into consideration when calculating the surface energies of NiAl (001) surfaces. The surface energy of Al-terminated (001) γ s can be calculated as [58, 59] : 
Systems
where µ bulk Ni = E bulk Ni and µ bulk Al = E bulk Al are calculated on the bulk fcc-Ni and fcc-Al. The ∆H 0 f can also be expressed by:
The calculated ∆H 0 f is −1.13 eV, and the calculated surface energies of Al-and Ni-terminated NiAl (001) based on the above equations are in the ranges of 2.69-4.03 J/m 2 and 3.25-4.58 J/m 2 , respectively. This means that the Al-terminated surfaces of NiAl are more stable, which agrees well with Brown's analysis using Monte Carlo modeling [60] . The Ni-terminated surface with a larger surface energy is a reactive surface and leads to larger interfacial adhesion (see the following section). The surface energy of NiAl with even layers was also calculated by using Equation (1) . The obtained γ s of NiAl converges to 2.30 J/m 2 and agrees well with the previous study [54] .
Coherent Interfaces

Interface Geometry
Our geometry of the NiAl/V interface was established by a supercell enclosing a sequence of eight NiAl and six V (001) layers stacked in the 001 direction. Since there is a nearly 4% lattice mismatch between the smaller NiAl unit cell and that of the V, we strain the softer V to be lattice matched (coherent interface approximation) [22] to accommodate the periodic boundary conditions on slab calculations. In reality, the mismatch will introduce an array of misfit dislocations, which will be discussed in the following section. Both NiAlV (Al-terminated) and AlNiV (Ni-terminated) interfaces were taken into account to decide which bonding was preferable. The models of the slabs are sketched in Figure 1 . 
Work of Adhesion
There are two fundamental quantities widely used to describe the mechanical and thermodynamic properties of the interface. One is the ideal work of adhesion W ad defined as the bond energy (per unit area) to separate an interface into two free surfaces [61] . For simplification, the plastic deformation and diffusion are neglected. Commonly, W ad can be given by the difference in total energy between the interface and its isolated surfaces:
E slab is the total energy of isolated NiAl or V slabs in the same supercell; E A/B is the energy of the interface systems; and S is the corresponding interface area. The W ad can be calculated by two methods. The first refers to unrelaxed supercells. We calculated the total energies of a series of unrelaxed interfaces with different interfacial separation d to get the work of adhesion. The adhesion curves of Al-terminated and Ni-terminated surfaces (shown in Figure 2 ) and the W ad with the corresponding interfacial separation d 0 (unrelaxed values) can be obtained. The second refers to the relaxed geometries. We relaxed the interface models with the optimal d 0 and got the work of adhesion, as well as the equilibrium separation d eq (relaxed values). The optimal d 0 and W ad for all unrelaxed and relaxed interface supercells are listed in Table 5 . It shows that the work of adhesion of AlNiV (5.01 J/m 2 ) is larger than NiAlV (4.09 J/m 2 ), which is similar to the NiAl/Cr interface [62] . This result supports the previous argument that the surface possessing larger surface energy is more reactive and thus bonding readily. For the interface, the interfacial separations d eq suggests the degree of bond strength. The calculated interfacial separation of the Ni-terminated surface is 1.506 Å shorter than the Al-terminated one, also suggesting that NiAl/V prefers to be Ni-terminated. 
Interface Energy
The other one is interface energy E int , which measures the thermal stability of composites. The smaller the interface energy is, the more stable the interfacial geometry is. The interface energy can be viewed as the work required per unit area creating the interface from bulk materials. Generally, it is determined by the following equation [63] :
γ sA and γ sB denote the surface energy of NiAl and V, respectively. According to Equation (6), the interface energy is only related to the surface energy of the Ni-terminated (Al-terminated) surface and the surface energy of V. However, the surface energy of NiAl with even layers contains the contribution of Ni-terminated and Al-terminated surfaces. The surface energy of Ni-terminated or Al-terminated surfaces must be calculated by using Equation (2) . The surface energy of V is calculated using Equation (1) in which the V slab with odd or even layers is always symmetric. The calculated interface energy of AlNiV is 0.76∼2.09 J/m 2 smaller than NiAlV (1.02∼2.36 J/m 2 ). Thus, from the thermodynamic view, the AlNiV (Ni-terminated) is more stable.
Electronic Characteristics
In order to state the details of the interfaces, the difference of the charge density is used to examine the interfacial electronic structure and bonding. The difference of the charge density can be given by the following equation:
ρ A/B is the total charge density of the interface system; ρ A and ρ B are the isolated NiAl and isolated V slabs of the same supercell, respectively. The difference of the charge density of the NiAlV and AlNiV interface systems are presented in Figure 3 , respectively. The electron charge rearrangements in the two cases are restricted to one or two layers of the interfaces, demonstrating the importance of the local environment to NiAl-V adhesion. The continuous band of charge accumulation is the characteristic of metallic bonding. The charge reduction in the first metal layer and accumulation at the interface suggest the forming of new bonding with the NiAl layer. Thus, the higher work of adhesion of the Ni-terminated interface is a consequence of a larger contribution of metal-metal bonding at the interface, as reflected in the behavior of the local density of states and the electron density (see below). To further reveal the interfacial bonding characteristics, the calculated Layer-Projected Density of States (LPDOS) of the NiAl/V interface with Ni-terminated and Al-terminated surfaces are presented in Figure 4 . It is found that the two interface systems have some common features: the effect of the interface on NiAl's and V's DOS is localized and confined to the first layers at two sides near the interface, which is in accordance with the analysis of the difference of the charge density. For the Al-terminated interface, the metallic bonding can be observed through the peak of V's DOS near the Fermi level. It is found that the shape of the DOS of the interfacial Al and V atoms near the Fermi energy is similar. These overlapping states contribute to hybridization of the V and Al orbital to form covalent bonding. Thus, it is concluded that the interfacial bonding is mixing metallic with covalent. For the Ni-terminated interface, the DOS of the interfacial Ni and V atoms exhibits more occupied states near the Fermi level. The main peak of V's DOS exhibits around 2.5 eV, while the Ni has no new states to overlap. Therefore, the bonding is mainly metallic. The NiAl/V (001) interface has a mismatch, and the metallic interface of Ni-terminated can accommodate more distortions than the Al-terminated interface. Therefore, the Ni-terminated interface is more stable and has larger adhesion, consistent with the previous results. 
Semicoherent Interfaces
As we know, there is a discrepancy of the lattice constants between NiAl and V, and the misfit is 4.2%. The misfit will introduce strain energy (stretching V to match NiAl), and the misfit dislocations will be generated to release the strain energy. Therefore, the coherent interfaces become semicoherent interfaces. It is significant to investigate the relative properties of semicoherent interfaces.
Generalized Stacking Fault Energy of the NiAlV and AlNiV Interfaces
To analyze the dislocation core structure, it is necessary to calculate the Generalized-Stacking-Fault-Energy(GSFE). We calculated the GSFE along 100 and 110 in the (001) interface plane with the supercell approach, and the supercells are based on the optimized unit cell. The generalized stacking fault energy is associated with a rigid slip of the upper part of the supercell relative to its lower, fixed part. It can be calculated by:
where u is the slip vector, E(u) and E(0) are the energies of the supercell with and without the stacking fault, respectively, and A is the corresponding stacking fault plane area. The corresponding restoring stress F(u) is considered as the gradient of the generalized stacking fault energy, that is F(u) = − ∂γ ∂u [64] [65] [66] . The calculated dependence of the γ SF (u) and the restoring force F(u) on the slip displacement u for the Al-terminated and Ni-terminated surfaces are shown in Figure 5 . We assume the dislocation core to be confined within the interface plane, and the Burgers vector b is considered to be parallel to the x axis. The maximum values of GSFE is the so-called unstable stacking fault energy γ us , a physical quantity strongly affecting the dislocation core structure. We found that the γ us of the Al-terminated surface is smaller than the Ni-terminated one, which means the NiAlV has lower resistance to shear. This also indicates that weaker bonding between V and Al atoms leads to a lower adhesion energy, which is consistent with the previous results. 
Core Structure and Energy of Misfit Dislocation
It is difficult to calculate the work of adhesion of semicoherent interfaces through first-principles methods in that the unit cells required for the semicoherent interface are beyond the capacity of our computer. According to Yao et al., the core structure and energy of misfit dislocations at the interfaces can be described using the extended PN theory of misfit dislocations [35, 36] . Thus, we performed an approach based on the PN model to estimate the misfit dislocation energy, then employed Equation (6) to figure out the W ad of semicoherent interfaces. In the original work of Yao et al., the PN equation of misfit dislocation is derived as [35] :
(a i is the lattice constant) is defined as the misfit dislocation spacing, and
] is relative to the elastic constants of two materials. Here, µ i is the shear moduli, ν i is Poisson's ratio (κ i = 3 − 4ν i ) and α i is the Dundurs parameters [64] . The left-side of Equation (9) is the relevant shear stress along the interface balanced by the corresponding restoring force stress F(U). U(x) is the relative displacement of an atom in the upper part relative to the corresponding atom in the lower part, which contains plastic displacement u(x) and misfit displacement. It can expressed as:
with c =
Foreman's method applied to solve the dislocation equation is given as follows [36] :
where f (a) = (β − 2a − βa 2 )/(2aβ + 2) and β can be determined by the maximum of restoring force F(u) max with β = u f F(u) max (the misfit f = 2(a 1 −a 2 ) (a 1 +a 2 ) ). Therefore, the plastic displacement u(x) can be expressed by:
Inserting Equation (11) into the left-hand side of Equation (9), the obtained resulting stress is then: (11) and Equation (13) can be rewritten as the convenient parametric forms:
Obviously, we can easily relate the stress F(U) and the displacement U through the parameter θ.
The parameter a can be determined by comparing the shear stress to the restoring force F(U) in that they have the same maximum value. The values of parameter a are presented in Table 6 . Therefore, the core structure can be obtained accordingly. It is necessary to know that the parameter a includes the modification of the sinusoidal force law and that β controls the structure of the dislocation. The core structure parameter β is related to the misfit f and the maximum of restoring force F(u) max according to β = u f F(u) max . The F(u) max connects to the bond strength τ of the interface according to F(u) max = τ 2π [35] . Thus, the core structure of an interface is influenced by the misfit f and bond strength. The β also suggests that the interface with a higher value of misfit requires a higher bond strength to arrive at the specified dislocation structure. That is, a higher misfit needs a higher coupling across the interface, which was proposed by Vellinga, W.P. et al. [67] [68] [69] . The misfit dislocation densities ρ(x) = du(x)/dx are plotted in Figure 6 to illustrate the core structure of misfit dislocation, which are found to be very close. Table 6 . The unstable stacking fault energy γ us (J/m 2 ), Burgers vectors b(Å), the misfit dislocation spacing p (Å), parameter a, core structure parameter β, the elastic strain energy E ela (J/m 2 ), misfit energy E mis (J/m 2 ), interface energy E int (J/m 2 ), the work of adhesion W ad (J/m 2 ) for semicoherent and the work of adhesion difference ∆W ad (J/m 2 ) between coherent and semicoherent interfaces. The mean total energy (per unit area) of the interface due to the forming of misfit dislocation is called the interface energy and can be divided into two parts: the elastic strain energy E ela and the misfit energy E mis . The elastic strain energy (per unit area) can be determined by [35] :
Misfit Dislocations
The misfit energy (per unit area) can be obtained from:
where Φ(θ) = − F(θ)dU(θ). Thus, the mean total interface energy (per unit area) can be expressed as:
The calculated elastic strain energy, misfit energy and interface energy are listed in Table 6 . Then, the work of adhesion for NiAlV and AlNiV semicoherent interfaces can be calculated by using Equation (6) . For the Al-terminated semicoherent interface, the interface energies for misfit dislocations with Burgers vector along 100 and 110 are 2.57 J/m 2 and 4.70 J/m 2 , respectively. Both of them are larger than the coherent interface energy (1.02 ∼ 2.36 J/m 2 ). Similarly, the interface energy of AlNiV increases from 0.76 ∼ 2.09 J/m 2 to 2.81 J/m 2 and 5.51 J/m 2 , respectively. This suggest that the interface energy of the semicoherent interface is larger than that of the coherent interface. Hence, the semicoherent interface posses higher energy than the coherent one, and the work of adhesion will be reduced according to Equation (6) . Accordingly, the interfacial adhesion will be reduced. According to the misfit dislocation networks proposed by Trampert et al. [70] , the obtained results (24.4%) of edge dislocation along the 100 direction for NiAl/V systems is in the range of the results (2.4% ∼ 41.9%) gained by Forman's method. Our results also coincide well with the previous study [71] , which illustrated that the deviation of the W ad due to the exclusion of dislocations may reach 50%. Hence, we can conclude that the misfit dislocations can reduce the interfacial adhesion.
Conclusions
The first-principles density functional calculations were employed to investigate the surface properties of NiAl (001) and V (001), as well as the interfacial properties of coherent NiAl/V interfaces. The models of Ni-terminated and Al-terminated surfaces were both considered. The work of adhesion, the interface energy, the difference charge density and the layer-projected density of states were calculated. Furthermore, the semicoherent interfacial properties of NiAl/V interfaces were also investigated within the framework of PN theory for misfit dislocations. The summarized results are given as follows:
(1) Surface tests reveal that the V slab with more than five layers and the NiAl slab with more than seven atomic layers exhibit a bulk-like interior feature, and the surface energy of the Ni-terminated surface is larger than the Al-terminated one for the NiAl slab, which means that the Ni-terminated interface is more active.
(2) The calculated work of adhesion for the Ni-terminated surface (5.01 J/m 2 ) is larger than the Al-terminated one (4.09 J/m 2 ). This means that the NiAl/V systems prefer to be Ni-terminated, in accordance with the analysis of the difference of the charge density and LPDOS. The interface energy of the Ni-terminated surface is smaller than the Al-terminated one, which means the Ni-terminated interface is more stable from a thermodynamic view.
(3) The work of adhesion for both semicoherent Ni-terminated and Al-terminated interfaces is smaller than coherent interfaces. It is found that misfit dislocations can reduce the adhesion of interfaces.
